Studying how cambial age and axial height affects wood anatomical traits may improve our understanding of xylem hydraulics, heartwood formation and axial growth. Radial strips were collected from six different heights (0-11.3 m) along the main trunk of three Manchurian catalpa (Catalpa bungei) trees, yielding 88 samples. In total, thirteen wood anatomical vessel and fiber traits were observed usinglight microscopy (LM) and scanning electron microscopy (SEM), and linear models were used to analyse the combined effect of axial height, cambial age and their interaction. Vessel diameter differed by about one order of magnitude between early-and latewood, and increased significantly with both cambial age and axial height in latewood, while it was positively affected by cambial age and independent of height in earlywood. Vertical position further had a positive effect on earlywood vessel density, and negative effects on fibre wall thickness, wall thickness to diameter ratio and length. Cambial age had positive effects on the pit membrane diameter and vessel element length, while the annual diameter growth decreased with both cambial age and axial position. In contrast, early-and latewood fiber diameter were unaffected by both cambial age and axial height. We further observed an increasing amount of tyloses from sapwood to heartwood, accompanied by an increase of warty layers and amorphous deposits on cell walls, bordered pit membranes and pit apertures. This study highlights the significant effects of cambial age and vertical position on xylem anatomical traits, and confirms earlier work that cautions to take into account xylem spatial position when interpreting wood anatomical structures, and thus, xylem hydraulic functioning.
Introduction
The xylem structure is a complex and delicate multicellular network, which simultaneously fulfils three key functions, namely water transport, mechanical support, and water and nutrient storage [1] . The anatomical traits of xylem are thus intriguing to further understand the related functional implications in trees. Spatial patterns of wood anatomical traits within trees, both radial and axial, as well as inter-tree wood anatomical variations, are therefore not only important for wood manufacture, but also for plant hydraulics and other interdisciplines.
In angiosperm tree species, vessels and fibres account for the largest fractions of vascular structures, while vessels function as the main water conducting cells of the xylem hydraulic architecture [2] . Within individual trees, the largest vessels are found in roots and vessel lumen diameters becomes acropetally tapered, i.e., small conduits tend to distribute in distal parts of trees such as the apical positions. According to the hydraulic segmentation hypothesis [2] , distal positions in plants are more embolism-resistant, and given that larger conduits are more vulnerable to embolism [3] , smaller conduits in apical parts might be a biological compensation for increased hydraulic resistance with axial height [4, 5] .
Vessel dimension has been investigated in many studies due to its significant contribution to hydraulic architecture and water transport [6] [7] [8] [9] . As a key parameter of vessel dimension, vessel lumen diameter has received much attention in recent years [10, 11] . Vessel lumen diameter was previously reported to decrease with axial height in a few tree species [4, 5] . However, the effect of both axial height and cambial age on vessel lumen diameter and other vessel-related traits has not been fully emphasized so far. Specifically, radial patterns of vessel-related traits, as well as the effect of cambial age on these traits, have mainly been addressed in dendrochronological studies [12, 13] . Previous studies commonly included wood anatomical traits of different cambial ages at the stem level [14] [15] [16] [17] , and analyses of vertical patterns of wood anatomical traits have mainly been restricted to the outer growth rings [18, 19] . Accordingly, within-tree variation, i.e., axial or radial variation in xylem traits, has frequently been documented [12, 13, 19] ; however, reports on both axial and radial variation in wood anatomical traits, as well as their functional implications, are limited to a few species so far [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . As a consequence, the simultaneous effect of axial height and cambial age, which both might affect vascular differentiation, has not been well investigated.
In contrast to vessels mainly fulfilling hydraulic functions, fibres exist as the ground tissues in angiosperm xylem, which provide sufficient mechanical strength and serve as useful biomaterial for the pulp and wood industry. Vertically, a decline in fibre length with axial height has been reported in a few hardwood species [30, 31] , although it did not apply universally as no significant change of fiber length with axial height was observed in Alnus rubra [20] . In radial direction, fibre length tends to increase with cambial age in some species [23, 27] , while it decreases in other species [32] . Understanding how wood anatomical traits vary with cambial age and axial height would provide useful information on xylem hydraulics and the sapwood-heartwood transformation. Furthermore, our understanding on how pit geometry, such as the pit membrane diameter, might change radially or vertically remains surprisingly limited. Bordered pits contributed to 50% of the total hydraulic resistivity along the flow path for water transport in angiosperm xylem, which are small openings between secondary vessel walls facilitating water flow, both radially and axially [33, 34] . Bordered pit resistance might be attributed to pit geometry, such as pit aperture diameter, pit membrane diameter, pit membrane thickness, etc.
When trees grow older with increasing cambial age, the xylem undergoes numerous changes that visibly differentiates sapwood from heartwood [35] . While the sapwood contains living cells, such as axial and radial parenchyma [36] , heartwood is mainly composed of dead cells. In angiosperms, heartwood vessels are commonly infiltrated by tyloses, which are outgrowths with different morphological features entering through pit membrane pores from adjacent ray or axial parenchyma cells in a vessel wall [37] [38] [39] [40] . Tyloses have multiple functions including limiting the spread of pathogens and wood decay, as well as compartmentalization post wounding [41, 42] . This is especially common in temperate ring-porous tree species with only the outermost xylem being conductive and functional [43, 44] . Nevertheless, the radial distribution of tyloses has not been fully investigated, which partially hinders our understanding of wood permeability. Besides, quantitative wood anatomical differences, as well as microscopic and ultrastructural wood anatomical patterns in the xylem radial direction, especially for vessel-and fibre-related features during sapwood and heartwood transformation, have been rarely demonstrated. In addition, some xylem traits are strongly associated with wood utilization characteristics, such as wood density; therefore, investigating spatial wood anatomical patterns would further benefit high-value added timber utilization.
The main motivation of the present study was to analyse the effects of cambial age and axial height on the xylem anatomical traits in Catalpa bungei C.A. Mey, an economically important ring-porous tree species with high wood quality [45] , hence improving our understanding of its xylem hydraulics and heartwood formation. Xylem structural features were investigated in the radial direction using scanning electron microscopy to further investigate the sapwood-heartwood transformation. Thirteen vesseland fibre-related traits, as well as annual diameter growth, were measured radially at six different height levels of three trees, enabling us to understand structural changes during different developmental stages of the secondary xylem in both intra-and inter-tree levels. Moreover, biological and hydraulic implications of spatial patterns of wood anatomical traits were addressed in this study. We hypothesized significant effects of both the cambial age and axial height on studied wood anatomical traits, due to the driving force during the transformation between sapwood and heartwood, tree axial growth, and xylem water transport demand.
Materials and Methods

Study Site and Radial Strip Sampling
The experimental site is located in a valley in Shatuo village, Madian town, Luoyang City, China (111 • 26 -111 • 47 E, 34 • 28 -34 • 37 N), which has a temperate continental monsoon climate. The average annual temperature is 13.9 • C and average rainfall was 560 mm between the years 2013-2017. Three plantation-grown C. bungei trees of comparable age and size were randomly selected from plantation for this study (axial height: 14.9 m, 20.3 m, 15.8 m; diameter at breast height: 26.3 cm, 30.4 cm, 25.5 cm; tree age: 33 years, 44 years, 36 years, respectively). Disks with a thickness of 7-10 cm were harvested from six different height levels of the trunk in each tree (0 m, 1.3 m, 3.8 m, 6.3 m, 8.8 m, 11.3 m) from the base to the top in early 2018. In total, eighteen disks were obtained from the three trees. From each disk, a 50 mm thick pith-to-bark strip with a north orientation was collected, and all radial strips were frozen and stored in a freezer.
Wood Sampling and Light Microscopy Observation
A planer was used to provide a smooth surface of the radial strips and clarify tree rings, which were subsequently marked by pins. Subsequently, growth rings were counted and tree ring width was measured at 10× magnification using the software LINTAB 5 TM6-Tree Ring Station, Rinntech, Germany. In this species, sapwood and heartwood could easily be distinguished from their colour variation. Along the central direction of each radial strip, small wood samples (10 × 10 × 10 mm) were collected from the inner part of heartwood (Hi), centre of heartwood (Hc), outer part of the heartwood (Ho), centre of transition wood (T) and centre of the sapwood (S), and the growth ring locations of the wood samples were noted. In each sample, 1-6 growth rings were included. The annual diameter growth (AGR, cm yr −1 ) for each sample was calculated as two times the sum of all growth ring widths spanned by the wood sample divided by the number of rings, i.e., AGR = (2 × cumulative tree ring width)/total tree ring numbers, assuming that wood disks are cylindrical.
In total, 88 wood samples were collected and transversal and tangential sections with a thickness of 20µm were cut from the samples with a sliding microtome (Leica SM 2010R, Leica Biosystems Inc., Buffalo Grove, IL, USA). Sections were stained with safranin (2%) for about one minute, dehydrated with an ethanol series (50%, 75%, 95%, 100%) for a few seconds, washed with xylene, and mounted with a drop of Canada balsam. Subsequently, sections were observed using a light microscope (Olympus BX 50, Olympus Corporation, Tokyo, Japan), and images were taken at 40×, 100×, 200× or 400× magnifications for analysis. Software ImageJ (National Institutes of Health, Bethesda, MD, USA) was applied for all image analysis and all the measurements were performed manually in the tangential direction from complete areas that included all tree rings in the sections. Details on the anatomical parameters measured, as well as the magnifications used, are reported in Table 1 . Specifically, tracheid was absent in this species. Vessel lumen diameter was calculated from the equivalent circle diameter, vessel element length was measured including the "tails", and pit membrane diameter was calculated from the equivalent circle diameter based on measurements of the pit membrane surface area. Table 1 . Wood anatomical features measured in C. bungei. D V , vessel lumen diameter; D MAX ,maximum vessel lumen diameter; L V ,vessel element length; V D , vessel density; T FW , fibre wall thickness; D f , fibre lumen diameter; L f , fibre length; t/b, fibre wall thickness/diameter ratio; D pm , pit membrane diameter; AGR, annual diameter growth. 
Variable
Scanning Electron Microscopy Observation
Five samples from the radial strip collected at breast height, i.e., at 1.3 m height, of tree No. 2 previously trimmed with the microtome were thereafter used for scanning electron microscope (SEM) observations, namely samples from Ho, Hc, Hi, T and S. These samples were split tangentially into small blocks (10 × 5 × 1 mm) and oven-dried at 60 • C for 24 h. The blocks were subsequently coated with gold at 15 mA in anion sputter coater (Hitachi E-1045, Hitachi, Ltd., Tokyo, Japan) for one minute, and observed with an SEM (Hitachi S4800, Hitachi, Ltd., Tokyo, Japan) under high vacuum (5 kV accelerate voltage, 8 mm or 14 mm working distance, se detector).
Statistical Analyses
To analyse the effects of cambial age and axial height on the wood anatomical traits of collected samples listed in Table 1 , we fitted simple log-linear regression models using the natural logarithm of the traits as a response, and axial height, natural log-transformed cambial age and their interaction as predictor variables. As there were indications of tree-specific differences in the response variables, while the low number of three analysed trees did not warrant the inclusion of tree identity as a random effect, we accounted for tree effects by including an additive tree term in the fixed effects. Since many of the aggregate variables in Table 1 were measured as averages over a larger number of replications with a known standard error, we fitted the models for all aggregated variables with weighted least squares using the square inverse of the standard errors as inverse variance weights, thus down-weighting imprecise measurements. We also applied Pearson correlations to analyse correlations between all traits. All statistical analyses were performed with the statistical software R version 3.5.3 [46] .
Results
Typical Xylem Features of Ring-Porosity
As a typical ring-porous tree species, tyloses of earlywood are rare (about 11%) in the sapwood of C. bungei but gradually increase in the transition zone (about 47%) and become frequently abundant (about 80%) in the heartwood (Figure 1 ). Warty layers with granule shapes are very rare in the pit chambers of sapwood (Figure 2A ), but likewise become frequent in both the transition zone and heartwood ( Figure 2C ,E,F). Helical thickenings are common in vessel walls of latewood ( Figure 2B ), while absent in vessel walls of earlywood in this species (figure not shown). Pit membrane appears to be thicker in heartwood compared with the transition zone ( Figure 2D ,E). In sapwood and the transition zone, amorphous deposits were rare around cell walls in between pit chambers (Figure 2A ,C) where microfibrils orientation is visible; in contrast, the deposits became abundant-around cells walls between pit chambers that microfibril arrangement is barely visible (Figure 2E,F) . Tyloses are occluded to the S3 layers of vessel walls including pit apertures ( Figure 2G-I) , which contributed to an impermeable vessel network and nonconductive properties of vessels in heartwood. Another typical feature of ring-porous xylem was a distinct comparison between vessel sizes of earlywood and latewood (Figure 3 ). In C. bungei, vessel lumen diameters differed by roughly one order of magnitude between early-and latewood, averaging at about 180.69 µm in the former and 21.58 µm in the latter, with a much wider spread of values in the earlywood (note the logarithmic scale of Figure 3) . Notably, the vessel lumen diameter distributions differed considerably between tree individuals, especially in the earlywood ( Figure S1 ). Figure 3 . Empirical density plots of the observed vessel lumen diameter distributions in earlywood (blue) and latewood (green) separated by tree individuals (please note that the X-axis is displayed on a logarithmic scale). See Figure S1 for a breakdown by axial height and wood type.
Effects of Axial Height and Cambial Age on Xylem Traits
The effects sizes for the linear models used to analyse the combined effect of axial height, cambial age and their interaction on the analysed wood anatomical traits are shown in Figure 4 . Additionally, partial residual plots of the main effects are given for a selection of vessel or fibre traits ( Figures 5 and 6 ). Partial residual plots of the remaining traits are reported in Figure S2 , and for the complete model output including unscaled parameter estimates, test statistics and significance levels refer to Table S1.
The patterns in average and maximum vessel lumen diameter were largely consistent, with older cambium producing significantly larger vessels in both early-and latewood (Figures 4 and 5, Figure S2 , Table S1 ). In addition, vessel lumen diameter increased significantly with measured height in the latewood, but to a smaller extent with increasing cambial age, while vessel lumen diameter decreased insignificantly in earlywood (Figures 4 and 5 , Table S1 ). In total, our models explained 56.4% of the variance in the earlywood and 51.3% of the variance in the latewood average vessel lumen diameter, but only 44.3% of the variance for earlywood and 16.4% of the variance for latewood maximum vessel lumen diameter due to relatively lower sample sizes.
Vessel element length significantly increased with cambial age, though a significant interaction with measured height counteracted this effect at upper positions (R 2 = 0.373, p< 0.001; Figures 4 and 5 , Table S1 ). Pit membrane diameter responded significantly positively to cambial age as well, while it was relatively independent of the position along the vertical axis (R 2 = 0.265, p>0.05; Figures 4 and 5 , Table S1 ). Notably, vessel density increased significantly with axial height in the earlywood, while it declined significantly with axial height in the latewood (though the latter trend was counteracted by a significant positive interaction of both cambial age and axial height; cf. Figure 4 and Figure S2 , Table S1 ). However, the latter trend might be due to a highly variable vessel density among samples (although about 500 vessels in earlywood and 1000 vessels in latewood were included for earlywood and latewood vessel density measurement, respectively), leading to a low amount of explained variance, especially in the latewood (R 2 = 0.252 for earlywood and 0.076 for latewood; see Table S1 ).
In contrast to the pronounced effects of radial and axial height on vessel lumen diameter, fibre lumen diameter waslargely independent of these variables (R 2 = 0.131 for earlywood and 0.265 for latewood; Figures 4 and 6 , Table S1 ). However, other fibre traits, i.e., fibre length and fibre wall thickness to diameter ratio, responded to the spatial position in the tree, with both fibre length and the fibre wall thickness to diameter ratio decreased significantly with axial height, the latter less strongly so in wood produced by older cambium (R 2 = 0.563 for Lf and 0.336 for t/b; Figures 4 and 6 , Table S1 ).
Interestingly, we observed an influence of spatial position on AGR, with significant negative effects from axial height and cambial age, and a significant negative interaction that together explained 26.0% of the variance in AGR (Figure 4 , Table S1 ). The change in standard deviations of the response when increasing the predictor by one standard deviation (for continuous predictor variables) or the difference between factor levels in standard deviations of the response (for tree effects) is shown. Blue: positive effects, red: negative effects, grey: insignificant effects. Stars show significance levels (*, p< 0.05; **, p< 0.01; ***, p< 0.001). Note that Tree 1 does not appear in the table as it is included in the intercept term (not shown here as the scaled intercept is not relevant in terms of effect sizes). The black dashed vertical line is at zero and indicates no effect, and the horizontal dashed line is used to separate the effects from individual tree effects. Abbreviations: ln(age), natural logarithms of cambial age; hgt, axial height. 
Interrelationships between Wood Anatomical Traits
A correlation heat map of all wood anatomical traits analysed in this study and the corresponding cambial age and vertical height in the tree indicates that the majority of the analysed traits tended to be negatively correlated to axial height and positively to the average cambial age of each wood segment (Figure 7 ). There was a correlation between earlywood vessel lumen diameter and earlywood maximum vessel lumen diameter, latewood vessel lumen diameter, earlywood fibre diameter and fibre length. Latewood fibre wall thickness was correlated with latewood fibre length and latewood fibre wall thickness to diameter ratio. However, the earlywood and latewood measurements of other traits were nearly unrelated to each other. In addition, only weak correlations between vessel density and both average and maximum vessel lumen diameter were found. Table 1 captions for remaining acronyms.
Discussion
Wood Anatomical Features of C. bungei
A typical feature of ring-porous tree species is the formation of large earlywood vessels at the beginning of the growing season and narrow latewood vessels later in the growing season [43] . Accordingly, the vessel lumen diameter distribution in C. bungei was biomodal, which is the same aspoplar, a diffuse porous tree species showing consistently bimodal shapes [47, 48] . In C. bungei, earlywood vessel lumen diameter distribution was right-skewed, demonstrating that large vessels with diameters ranging between 200-250 µm were highly frequent. In contrast, latewood vessel lumen diameter distribution was hump-shaped with average values around 20-25µm, i.e., tentimes smaller than earlywood vessels.
While the large early-wood vessels commonly become embolized or occluded with tyloses by the end of the growing season in ring-porous tree species, the smaller and safer latewood vessels may remain functional for many years [43] . The occlusion of tyloses secreted from ray and axial parenchyma cells around vessels typically begins from the current or previous year growth ring [39] and functions as a defense system [42] . However, it might additionally be related to a response toenvironmental stimuli, such as drought-or frost-induced embolism formation, although no general consensus has been reached so far on which is the cause and which is the consequence [14, 42, [49] [50] [51] . Particularly, abundant tylose distribution in heartwood provided higher decay resistance and mechanical support [42] , while on the other hand, it might reduce wood permeability and preservative penetration efficiency [42, 52] . In our study, increasing amounts of tyloses from sapwood to heartwood in C. bungei was consistent with former reports [41] . Tyloses in C. bungei is the "normal" type [53] without lignification and deposition, which contributes to sclerified tyloses and constrains water transfer [54, 55] . Increasing the amount of tyloses from sapwood to heartwood could be a powerful defense system restraint to pathogen propagation [56] . Further work could be done to investigate the chemical components of tyloses in C. bungei, as well as its formation and expansion process, which is not well determined yet [42, 52, 57] . In addition, thicker pit membranes, abundant warty layers and amorphous deposits with increasing cambial age, and cell walls with helical thickening in C. bungei, tend to be more effective structures for maintaining moisture and thereafter resist microorganisms and embolism [58, 59] .
Vertical and Radial Patterns of Wood Anatomical Traits
Our finding that earlywood vessel lumen diameter decreased with axial height agreed with previous work, which showed a sharp decrease of vessel lumen diameter at certain axial height levels in multiple tree species [20, 26, 28, 60] . However, in our study, this commonly observed relationship was not significant and was solely affected by the radial cambial age gradient, which seemed to be a more important driver in C. bungei. Decreased sizes of earlywood vessels and increased earlywood vessel density with axial height might be attributed to a declined auxin concentration distribution from young leaves along the flow path down to the roots and distal stems [61, 62] . The length of flow path was frequently used in recent related studies as it describes the distance of auxin transport and hence the pressure drop over the flow resistance in sapwood. However, it changes significantly yearly as trees grow taller and is only available for the outermost growth ring when analysing its effect on wood anatomical data. Given that here we focus on patterns of wood anatomical traits in the whole life span of trees, axial height was used for analysis instead of flow path length. Since vessel lumen diameter is directly linked to vessel hydraulic diameter, the decline of vessel lumen diameter and thus hydraulic efficiency along the tree axis in earlywood also overcomes the increase in hydraulic resistance with flow path length. Meanwhile, our finding of significant effects on wood anatomical traits from different tree individuals suggested that tree identity should not be neglected.
Increased vessel lumen diameter with cambial age was in line with previous below- [63] and aboveground studies [12, 28, 64] . Increased early-and latewood vessel lumen diameter, as well as increased vessel element length with cambial age, improves water transport efficiency. The driver behind this commonly observed pattern of increasing conduit diameters with cambial age remain speculative, but it is most likely related to the radial concentration of auxin or other plant hormones affecting vascular differentiation. Fan et al. [22] found that after 40 years, vessel lumen diameter did not increase significantly anymore and transformed into mature wood, indicating that hormone concentration might remain constant at a given age and/or size. Although earlywood pit membrane diameter was independent of axial height in C. bungei in contrast to findings from conifers [65, 66] , we observed a strong cambial age effect on pit membrane diameter, which increased in diameter radially from heartwood to sapwood. This might be related to the increase in sapwood water demand when growing older, which requires larger pits to enhance hydraulic efficiency. A significant relationship between earlywood hydraulic vessel lumen diameter and pit membrane diameter in sapwood was also observed (data not shown), suggesting that vessel and pit structures coordinate to optimize water transport. Increased earlywood vessel density with axial height was in line with other studies [28] , while a decreased pattern in latewood might be due to a significant interaction from cambial age, showing a large variance in latewood density data, as mentioned previously.
Relatively stable fibre lumen diameter values with cambial age and axial height suggested this mechanical trait was not affected by these two factors, in comparison with vessel-related and thus hydraulic traits. However, decreased fibre length and latewood fibre wall thickness to diameter ratio with axial height agrees with a former study [67] , and might be associated with declined xylem water potential to the crown and thus the vertical drop in cell turgor pressure. This demonstrates that the cell turgor gradient affects cell elongations during cell differentiation, although the gradient might be rather small [68] [69] [70] [71] . In general, a higher mechanical strength has been observed at the tree base in comparison to the tree top [72] . The elongation decline in most fibre-related traits along the axis, i.e., fibre length, fibre lumen diameter and fibre wall thickness to diameter ratio, is most likely adapted to the mechanical design of trees.
Negative effects of cambial age and axial height on annual diameter growth might be attributed to the developmental stages of studied trees, which are in later juvenile stages heading towards maturing stages. Weak correlations between wood anatomical traits agreed with previous work [73] . However, a strong relationship between vessel lumen diameter and vessel density was reported in other studies [74, 75] , which was not observed in this study. A possible explanation could be that wood anatomical data were collected from different sampling positions that were significantly affected by cambial age and axial height, as shown in this study, and hence may weaken the relationships.
Conclusions
An increasing amount of tyloses, warty layers and amorphous deposits were observed fromthe heartwoodcompared with sapwood of C. bungei, which might be biological traits to defend against fungi and keep moisture out during heartwood formation. The annual diameter growth of C. bungei decreased with both cambial age and axial height. Vessel lumen diameter differed by about one order of magnitude between earlywood and latewood, and vessel lumen diameter distribution patterns varied among tree individuals. Earlywood vessel lumen diameter decreased insignificantly with axial height and increased significantly with cambial age, while latewood vessel lumen diameter increased significantly with cambial age and axial height. Vessel density was significantly affected by axial height, and vessel element length and earlywood pit membrane diameter were positively influenced by cambial age. Fibre lumen diameter was independent of sampling position, while fibre wall thickness, fibre length and latewood fibre wall thickness to span ratio decreased with axial height. This study highlighted significant cambial age and axial height effects on xylem anatomical traits and confirmed earlier work that cautions interpreting wood anatomical structures observed from a random sample collected in the tree due to the significant within-tree variation as well as large wood anatomical variations among tree individuals. Moreover, cambial age and axial height might simultaneously affect wood formation, which may in turn influence xylem hydraulic function.
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